The octa-functionalized polyhedral oligomeric silsesquioxane ( 
Introduction
Polymer systems that are reinforced with well-defined, nanosized inorganic clusters have been attracting considerable interest recently due to their potential application in a wide variety of technological areas [1] [2] [3] [4] [5] . The nanoscaled distribution of reinforcing agents can optimize the interactions between different molecular components and can afford materials with improved properties [6, 7] . Cubic structured polyhedral oligomeric silsesquioxane (POSS) reagents are typical molecular nanobuilding blocks that are used to reinforce the organic polymer matrix. The cagelike structures of POSS can allow the construction of materials with precise control over the nanoarchitecture. They combine a hybrid inorganic-organic composition with cage structures that have comparable dimensions to those of most polymeric segments. Consequently, POSS reagents, monomers and polymers are emerging as a new chemical technology for the preparation of nanoscaled organic-inorganic hybrids [6, 7] and the polymers comprising POSS skeletons are becoming the focus of many studies due to their ease of processing and their excellent and comprehensive range of properties [8, 9] .
POSS molecules are typically derived from the hydrolysis and condensation of trifunctional organosilanes and possess the general formula R n (SiO 1.5 ) n , where n = 6 -12 and where R denotes various organic residues of which one (or more) is reactive or polymerizable. The cubic silica cores are completely defined as 'hard particles' with a 0.53 nm diameter and a spherical radius of 1-3 nm including peripheral organic (R) units. Generally, POSS cages can be incorporated into polymers via copolymerization and/or physical blending, although the copolymerization is a particularly efficient approach to the formation of nanocomposites since covalent bonds result between the POSS cages and the organic polymer matrices. Furthermore, it has been reported that some nanocomposites prepared via physical blending [10] have displayed immiscibility between the silsesquioxane and the organic polymer matrix, an undesirable drawback.
Epoxy resins are among the most commercially successful commercial polymers known, and they have been widely used as coatings, adhesives, structural materials and electronic encapsulating materials due to their efficient bonding, high modulus and strength, excellent chemical resistance and simplicity in processing. The extensive applications of epoxy resins have paved an avenue to prepare organicinorganic hybrid nanocomposites with improved properties. There have been several reports of organic-inorganic nanocomposites involving epoxy resin and POSS during the past few years [11] [12] [13] [14] and this modification can endow the materials with superior properties such as improved thermo-mechanical, thermal, flame retardance and dielectric properties [15] [16] [17] . For example, Lee and Lichtenhan [18] have investigated the properties of thermal and viscoelastic enhancements in commonly used epoxy resins reinforced with monofunctional POSS-epoxy macromers and the experiments performed under identical thermodynamic states revealed that the molecular level reinforcement provided by the POSS cages also retarded the physical ageing process in the glassy states. Similarly, Laine et al. [14, [19] [20] [21] studied and compared the properties of epoxy resins with reinforcement of different functionalized POSS. While Fu et al. [22] reported the important finding that the addition of small amount of POSS into an epoxy resin did not appear to increase the viscosity of the mixture significantly nor accelerate the reaction during the pregelation stage. Recently, Zheng et al. [23, 24] evaluated the effect of the type and reactivity of functional groups in POSS cages on the phase behaviour and thermomechanical properties in the resulting DDM cured epoxy hybrids.
In the present work, we report the influence of octa-amino functionalized POSS, i.e. OAPS, on the thermal, dielectric and morphological properties of DDS cured epoxy hybrid nanocomposites (incorporating either DGEBA or TGDDM). The final properties of the nanocomposites were investigated by a variety of means including differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), thermogravimetric analysis (TGA), impedance analysis, X-ray diffraction analysis (XRD) and scanning electron microscopy (SEM) and details of the analytical procedures are given below.
Experimental

Materials
Two conventional and industrially important epoxy resins were used in the present study, diglycidyl ether of bisphenol A, DGEBA (LY556, equivalent epoxide [E] weight: 185-190 g mol.) and tetraglycidyl diamino diphenyl methane, TGDDM (equivalent [E] weight: 105.5 g mol.) were purchased from Ciba-Geigy Ltd., (India) and Aldrich (USA), respectively. The epoxies were cured with 4,4'-diaminodiphenylsulfone (DDS) obtained from Lancaster, India. Phenyltrichlorosilane (PhSiCl 3, 98%) and 5 wt% Pd/C were also purchased from Lancaster, India.
Benzyltrimethylammonium hydroxide (40% in methanol solution), formic acid (98%), tetrahydrofuran (THF) and triethylamine (TEA) were purchased from SD Fine chemicals, India. THF and TEA were used after drying with Na/benzophenone and KOH respectively. Other chemicals were used as purchased.
Synthesis of Octaphenylsilsesquioxane (OPS)
The OPS was synthesized in a manner reported by Huang et al. [25] . In this way, Phenyltrichlorosilane (10.9 g, 0.05 mol.) was dissolved in benzene (50 cm 3 
Synthesis of Octa(nitrophenyl)silsesquioxane (ONPS)
The ONPS was synthesized by following Laine's method [6] .
Octaphenylsilsesquioxane (OPS) (10 g, 9.7 mmol.) was added in small portions to fuming nitric acid (60 cm 3 ) with stirring at 0°C. When the addition was completed, the solution was stirred at 0°C for an additional 30 minutes and then at room temperature for 20 h. After filtration through glass wool, the solution was poured on to ice (100 g 
Preparation of Nanocomposites
In order to prepare the composites of epoxy resins with OAPS, the latter was first dissolved in the smallest possible amount of THF and the solution was mixed with the desired amount of DGEBA or TGDDM at 25 °C. The mixture obtained was heated to 60 °C with continuous stirring to evaporate the majority of solvent and then degassed under vacuum at 60 °C to remove the residual solvent. Subsequently, the stoichiometric amount of curing agent (DDS) was added into the molten epoxy at 120°C and stirred continuously until an homogeneous, transparent solution was formed. After degassing, the mixture was poured into a Teflon coated iron mould. It was thermally cured: first at 140 ºC (4 hrs) before the temperature was raised slowly to 200ºC and then maintained at this temperature (3 hrs) for the curing reaction to reach completion.
Characterization
FTIR spectra were recorded on a Perkin-Elmer 6X FTIR spectrophotometer; samples were presented as KBr pellets. 1 H NMR, 13 C NMR and 29 Si NMR spectra were collected on a Jeol GSX 400 MHz spectrometer using acetone-d 6 as solvent and tetramethylsilane (TMS) as internal standard. GPC analysis was performed using Waters GPC system with Waters 410 RI detector. The system was calibrated using polystyrene standards and THF was used as the eluent, at a flow rate of 1.0 cm 3 min. -1 The glass transition temperatures (T g ) of the nanocomposites were characterized using a Netzsch DSC-200 differential scanning calorimeter.
Dynamic mechanical analysis (DMA) measurements were performed in a N 2 atmosphere using a NETZSCH DMA 242 at a heating rate of 5 K min.
-1 and a frequency of 10 Hz. The thermal stability was characterized using a Netzsch STA 409) thermogravimetric analyzer at a heating rate of 10 K min.
-1 in a nitrogen atmosphere. The dielectrical properties of the neat and the POSS modified systems were tested with the help of impedance analyzer (Solartron impedance/gain phase analyzer 1260) at RT using Platinum (Pt) electrode in the frequency range at 1 MHz.
Water absorption property was determined by swelling the samples in distilled water for 7 days at 30 °C. The X-ray diffraction analysis was studied using a Rich Seifert-3000 X-ray diffractometer over the 2θ range of 5-60° at a scanning rate of 0.04°/min.
Scanning electron microscopy (Jeol JSM-6360) was used to study the morphology of the nanocomposites at the gold coated cross-section area.
Results and Discussion
Structure of POSS
OAPS was synthesized in a three-step reaction. The first step involved in the synthesis of OPS via the hydrolysis and condensation of phenyltrichlorosilane and the subsequent rearrangement reaction catalyzed by benzyltrimethylammonium hydroxide according to Huang's method [25] . The second and third steps were nitration of OPS i.e. to form ONPS and hydrogen-transfer reduction of ONPS to OAPS (Scheme 1) respectively according to Laine's method [6] . FTIR, 1 H, 13 C and 29 Si NMR spectra of all the POSS monomers are shown in Figs. 1-3. Formation of meta and para isomers and cage retention in OAPS were supported by these data.
Furthermore, the FTIR spectra and 1 H NMR spectra of ONPS and OAPS indicated a complete conversion of nitro groups to amino groups. In the FTIR spectrum of OAPS, the peaks at 1353 and 1531 cm -1 (ν N=O) disappear while a new broad peak at 3390 cm -1 (ν N-H) is observed ( Fig. 3(a) ). Likewise, in the 1 H NMR spectrum of OAPS, the aromatic peaks of ONPS disappeared completely to be replaced by new aromatic peaks at lower magnetic field (Fig. 3(b) ). Ten primary peaks corresponding to ten different carbon environments of both isomers were observed in the 13 C NMR spectrum of ONPS (Fig. 2(c) ) with one small peak [6] , and ten peaks were also observed in the 13 C NMR spectrum of OAPS (Fig. 3(c) implying that the ONPS could be the combined isomers containing para-and metaposition substitutions. In Fig. 2(d) , two peaks observed in 29 Si NMR at -79.8 and -83.0 ppm for ONPS and the peaks at -77.9 ppm (shoulder peak) and -79.1 ppm for OAPS ( Fig. 3(d) ) suggesting that only two isomers are formed whereas a single peak was observed at -79.4 °C for OPS ( Fig.1(b) ). Furthermore, the absence of the ortho isomer because of steric hindrance is confirmed from 29 Si NMR data. In the 1 H NMR spectrum of OAPS, the integration ratio of peaks corresponding to the amino groups and the aromatic groups equates to 1:2. These results indicate that both isomers have eight nitro groups or amino groups. The triplet peaks at 8.7 ppm were assigned to protons between the nitro group and the siloxy group in the meta isomer. The cage structure of OPS, ONPS and OAPS are confirmed by 29 Si NMR spectra, because only peaks assigned to cubic silicon appear in all the 29 Si NMR spectra. The narrow polydispersity indices of ONPS and OAPS provided by GPC data also confirm the retention of the cage structure.
FT-IR spectral analysis of nanocomposites
Figs. 4(a) and 4(b) show the FTIR spectra of neat and nanocomposite systems, from which it is clearly seen that the epoxy stretching frequencies at 
Glass transition behaviour
DSC measurements were performed for the epoxy-amine networks containing multifuntional POSS as a nanoreinforcement. Measurements of glass transition temperature (T g ) provide a direct insight into the mobility of polymer chains; for the purposes of this study, the T g was taken as midpoint in the specific heat transition. in the TGDDM epoxy systems than the corresponding DGEBA epoxy systems due to the higher epoxy functionality in TGDDM which, in turn, imparts higher crosslink density as expected [29] .
Dynamic mechanical properties
Dynamic mechanical analysis (DMA) was performed on the neat epoxy polymer resist movement at T g , then the tan δ peak will be broad. The effect of enhancement of T g and high cross-linking by the introduction of small amount of POSS cages in to both the DGEBA and TGDDM epoxy systems suggest that the epoxy matrices could be reinforced on the nanoscale level by the POSS cages which were covalently bonded to the epoxy networks. The increasing concentration of POSS (> 3 wt%) in the hybrid epoxy systems, the nanocomposites exhibited lower T g s than those of the neat epoxy systems due to the decrease in the crosslink densities of the resulting hybrid materials. The decreased densities could be ascribed to the increase in the porosity of the nanocomposites [30] . The porosity of POSS-containing nanocomposites is composed of two portions: one portion comes from an external porosity as a result of the inclusion of bulky POSS, which can be interpreted as the increase in free volume of the nanocomposites caused by the interactions between POSS cages and polymer segments [31] . The second portion of porosity can be attributed to the nanoporosity of the POSS core with a diameter of 0.53 nm. The decreasing crosslink density per unit volume in the hybrid systems leads to a decrease in the value of T g at higher loading of POSS moieties into the epoxy-amine networks.
These results are in a good agreement with those obtained from DSC measurements. It is worth noting that for the POSS/epoxy nanocomposites it is seen that all the nanocomposites were close to, or significantly higher than, the control epoxy systems in the rubbery state (T > T g ) of storage moduli. In a crosslinked structure, a rubbery state modulus correlates directly with the network crosslink density. Therefore, the increasing concentration of POSS (> 3 wt%) in the hybrid systems, the nanocomposites are expected to be lower than that of the control epoxy systems since the massive and bulky POSS cages will reduce the crosslink density of the networks which was evidenced by tan δ peaks. However, it is seen that the storage moduli of the nanocomposites containing POSS are significantly higher than that of the control epoxy systems, implying the significant nanoreinforcement of POSS cages which could be the dominant factor to affect the moduli of the nanocomposites in the present case.
Thermal Stability
Thermogravimetric analysis was carried out to evaluate the thermal stability of OAPS into epoxy networks resulted in a significant effect in improving the thermal stability, resulting in a retarded weight loss rate and an enhanced char yield in the higher temperature region. This effect was increasingly pronounced with increasing the concentration of OAPS in the hybrid systems. This improvement in weight retention was attributed to the POSS constituent, which was combined with the crosslinked network via the formation of covalent bonds. Furthermore, the nano-scale dispersion of POSS cages in epoxy matrices is an important factor to contribute the enhanced thermal stability. The similar results were also observed in our previous work on the completely exfoliated clay-epoxy nanocomposites [32] .
From Fig. 8(b) , it is noted that the initial decomposition occurred at 404 °C and no residual of decomposition at 750 °C was obtained for the DDS cured TGDDM epoxy system as expected. Although a similar trend was maintained in the TGDDM hybrid systems as was observed in the case of DGEBA hybrid systems, TGDDM based epoxy nanocomposites are typically more thermally stable than the DGEBA hybrid systems due to the formation of highly crosslinked networks in the former.
Both the DGEBA and TGDDM hybrid nanocomposites exhibited very high char yields, implying that fewer volatiles were released from the nanocomposites during heating. The decreased rate of volatile released from the hybrid materials suggested the improved flame retardance of the materials.
Dielectric and Water absorption behaviour
The dielectric constant (ε') and dielectric loss (ε'') of the DDS cured DGEBA and TGDDM epoxy systems and their hybrid nanocomposites were measured by using impedance analyzer at 30 ºC at a frequency of 1 MHz. As shown in Fig. 9 , the incorporation of nanoporous POSS molecules into the epoxy nanocomposites resulted in a lower dielectric constant as well as a lower dielectric loss than those of the neat epoxy systems and the reduction of dielectric properties is increased with increasing concentration of OAPS in the hybrid systems. Compared with dielectric constant of the DDS cured DGEBA system (3.56 at 1MHz), the dielectric constant decreased to 2.87 and 2.52 for the nanocomposites having 10 wt% and 20 wt% of OAPS, respectively. The decreasing trend of dielectric properties as the increase of POSS loadings in the hybrids suggest that the increasing of POSS loading decreases the dipole-dipole interactions in the nanocomposites. A few possible interpretations are put forward to account for the reduction in electric dipole interactions in the nanocomposites in line with the increase in POSS loading. It is most likely that the POSS molecule has got inherent porosity, in addition when it is incorporated into epoxy system it also imparts external porosity due to the development of voids in the hybrid systems. This could be inferred from the DSC and DMA results of the nanocomposites which contain higher loadings of POSS (< 3 wt%). A second cause is that the thermally stable inorganic silica core of POSS molecules are simply less polar than the polymer segments, which in turn reduces the dielectric constant and dielectric loss of the epoxy nanocomposites [32] . In particular, the small amount of POSS (≤ 3 wt%) loading in the hybrid systems illustrates the low dielectric constant and low dielectric loss as shown in Table 1 even attaining higher crosslink densities than those of the neat epoxy systems. In this case, the presence of inorganic silica core and thus by the formation of voids in the hybrid systems could be the dominant factor in the hybrid systems. It is well known that the signal propagation delay time of integrated circuits is proportional to the square root of dielectric constant of the matrix, while the signal propagation loss is proportional to the square root of the dielectric constant and dielectric loss of the matrix. Thus, a material with low dielectric constant and low dielectric loss increases the speed of signal transmission between chips in the packaging.
Apart from structure-related arguments, the polarity of domains is also thought to play a significant role in water absorption. This is because water carries a strong dipole which can easily bind to polar groups. The greater affinity of crosslinked domains for water was frequently invoked, and explained by the presence of strongly polar hydroxyl (-OH) groups. Following Wright's pioneering work, it is well known that epoxy resins typically lose 20K of dry T g for every 1% of absorbed moisture.
These are the reasons for studying the water absorption behaviour in the nanocomposites, which was carried out by immersing the samples completely in deionized water for the period of 7 days at 30 ºC. It is worth noting that the POSS reinforced epoxy nanocomposites absorbed less water than the neat epoxy systems (Table 1) . The experiments showed very little volume change without any clustering or micro-voiding. The addition of the inorganic content of POSS into the epoxyamine networks reduced the polarity of the polymer since the water uptake is mainly related to the polarity of the polymers and hence to the amount of bound water, rather than the free water trapped in micro-voids of free volume in the nanocomposites. decreased in ONPS which revealed that the formed isomers significantly disrupt the cubic silsesquioxane crystal structure. In the case of OAPS, a small peak was observed at 2θ = 8º and it corresponds to 1.10 nm; a very broad amorphous halo was also observed at about 2θ = 21.4º (0.42 nm). The meta and para isomers of OAPS completely disrupt the cubic silsesquioxane crystal structure and result in an amorphous structure. The first peak (Fig. 10(b) ) could be explained by some longrange order which is attributed to the inter-silsesquioxane cube distance and the broad halo may be associated with Si-O-Si linkages. For the POSS containing epoxy nanocomposites, the lowered intensity amorphous peak (first peak) represents intersilsesquioxane cube distance, shifts from 2θ = 8º (OAPS) to a lower angle 2θ = 7.6º in the presence of curing agent. It is believed that the crosslinking reaction with the curing agent generated the longer distance (from 1.10 nm to 1.16 nm) between the POSS cubes. A weak amorphous peak at 2θ=21.4° in the diffraction pattern of OAPS is very close to the amorphous peak at 19.5° of the DDS cured epoxy systems, but the intensity in this region does not change as the OAPS increases in the hybrid systems.
X-ray diffraction analysis
The amorphous peak at 19.5º in all the DDS cured epoxy nanocomposites is a contribution from control epoxy systems. This implies that OAPS is dispersed into the epoxy network as unassociated and compatible POSS units.
Scanning Electron Microscopy
The by visual observation study (Fig. 12 ) which clearly indicates that the transparency of the materials could be obtained by tuning the tether structure of POSS molecules.
Conclusions
An amino-functionalized POSS derivative (OAPS) was synthesized from phenyl trichlorosilane in three steps and the formation of the octa-amino 
